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Abstract. Inactivation of microorganisms on sensitive surfaces by cold atmospheric
plasma (CAP) is one major application in the field of plasma medicine because it
provides a simple and effective way to sterilize heat-sensitive materials. Therefore, one
has to know whether plasma treatment affects the treated surfaces, and thus causes
long-term surface modifications. In this contribution, the effect of cold atmospheric
Surface Micro-Discharge (SMD) plasma on different materials and its sporicidal
behavior was investigated.
Hence, different material samples (stainless steel, different polymers and glass) were
plasma-treated for 16 hours, simulating multiple plasma treatments using an SMD
plasma device. Afterwards, the material samples were analyzed using surface analysis
methods such as laser microscopy, contact angle measurements and X-ray photo-
electron spectroscopy (XPS). Furthermore, the device was used to investigate the
behavior of Bacillus atrophaeus endospores inoculated on material samples at different
treatment times.
The interaction results for plasma-treated endospores show, that a log reduction of the
spore count between 4.3 and 6.2 can be achieved within 15 min of plasma treatment.
Besides, the surface analysis revealed, that there were three different types of reactions
the probed materials showed to plasma treatment, ranging from no changes to shifts
of the materials’ free surface energies and oxidation.
As a consequence, it should be taken into account that even though cold atmospheric
plasma treatment is a non-thermal method to inactivate microorganisms on heat-
sensitive materials, it still affects surface properties of the treated materials. Therefore,
the focus of future work must be a further classification of plasma-caused material
modifications.
Keywords: Cold atmospheric plasma · Spore inactivation · Disinfection · Surface Mod-
ification · Surface Micro-Discharge plasma · Plasma surface treatment · Air dielectric
barrier discharge · Atmospheric pressure plasma
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1. Introduction
The increase in bacterial resistances causes thousands of deaths every year due to a
lack of quick and non-harming sterilization methods. Cold atmospheric plasma (CAP)
treatment as a new approach to sterilize surfaces, particularly of heat-sensitive materials
or difficult geometries (e.g. [1, 2, 3, 4, 5]), is a promising candidate to replace or support
conventional cleaning methods.
Although in the last decade cold atmospheric plasma was increasingly used to inacti-
vate bacteria, spores and fungi on different surface materials ([6, 7, 8]), the influence
of plasma treatment on these materials was rather neglected. Nevertheless, cold at-
mospheric plasma is composed of different highly reactive oxygen and nitrogen species
(RONS) [9, 10], e.g. O3, H2O2, OH
−, HNO3 and NxOy. Hence the reaction between
plasma species and surface material has to be well-understood to be able to provide a
safe and enduring surface cleaning method.
Recent studies observed etching effects during a dielectric barrier discharge (DBD) treat-
ment [11], and oxidation effects of aluminum after 90 minutes treatment with surface
micro-discharge (SMD) plasma [12]. Furthermore, the influence on polytetrafluorethylen
(PTFE) and silicon was investigated by Shimizu et al. [12]. Nevertheless, due to differ-
ent setup geometries, plasma production methods, e.g. plasma jets (used for example by
Walsh et al. [13]), Floating-Electrode DBD (e.g. Fridman et al. [14] or Kuzminova et al.
[11]) or SMD (e.g. used by Morfill et al., Kla¨mpfl et al. and Shimizu et al. [15, 16, 12],
and different carrier gases (e.g. argon, air and helium [17, 15, 3, 18, 19, 20]), the interac-
tion between plasma and target, as well as the gas composition are affected in different
ways, and therefore the results are not comparable. Another point that should be taken
into consideration is that usually only the effect of short plasma treatments with a time
range of 3 to 90 minutes is investigated. Still, sterilization methods for clinical use are
performed regularly, often several times per day.
Hence, in this study different material types, regularly used in hospitals, (stainless steel,
polymers, glass) were treated with the same plasma source to obtain comparable results.
Moreover, treatment time was extended up to 16 hours to achieve clinical-relevant re-
sults. Subsequently, laser microscopy, contact angle measurements and XPS quantifica-
tion were used to investigate surface modifications. As plasma setup, rather than using
plasma jet or DBD technology, where the target is in direct contact with the plasma
and the produced gas components, an SMD device was used as shown in figure 1. Thus,
only long-living reactive species of the afterglow, that are more gentle to the material,
could interact with the target [15, 21, 22]. Additionally, the sporicidal properties of the
plasma setup were verified probing Bacillus atrophaeus endospores on material samples
of each group.
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2. Materials and Methods
2.1. SMD Plasma System
Figure 1: SMD plasma setup and electric circuit. A copper electrode was connected to
a voltage amplifier, quartz glass was used as dielectric, and a grounded aluminum grid
served as counter electrode. Samples were placed at a distance of about 26 mm from
the generated plasma on a grounded metal plate.
A sketch of the used experimental setup is shown in figure 1. The SMD plasma
system consists of a copper electrode driven at high voltage, quartz glass as dielectric
and a grounded aluminum grid as counter electrode. Within a distance of about 26
mm samples were placed on a grounded metal plate. In this experimental system, the
plasma chamber is closed using a movable cover to enable quick air exchange in between
plasma treatments.
Between grid and copper electrode, high voltage of 9 kVpp at 2 kHz was applied using
a high voltage amplifier (model 10/40A, Trek Inc.). SMD plasma is then produced on
the surface of the grid electrode. Power density
(
P
A
)
at the SMD surface was measured
to be 0.13 W
cm2
using Lissajour’s curve [23].
As material samples, stainless steel AISI 321 (S/S), rigid polyvinyl chloride (UPVC),
polypropylene (PP), fluorinated ethylene propylene (FEP) (all GoodFellow) and
borosilicate glass (Marienfeld) were chosen, for they are standard materials in the
hygiene sector. Sporicidal efficacy of this SMD treatment on the chosen material samples
was evaluated by placing the samples (cut to 10 mm x 10 mm; thickness of 0.914 mm
(S/S) and 1 mm, respectively; glass samples with a diameter of 10mm and thickness of
0.17 mm) inoculated with Bacillus atrophaeus endospores (Simicon) on the grounded
metal plate of the plasma setup, and by treating them with afterglow plasma for
different time spans, ranging from 5 to 15 minutes. For evaluating surface modifications
caused by plasma treatment, the plasma chamber containing the samples was driven at
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room temperature for 16 hours (equivalent to about 190 5-minutes-treatments) with 10
minutes-breaks every 30 minutes. During breaks, the cover was opened to obtain a quick
gas exchange with the surrounding air. During all treatments the relative humidity of
the ambient environment was about 60 - 70 %. Note, that S/S samples for surface
analysis were mechanically polished first, to improve laser microscopy images. Due to
the distance between SMD plasma and sample, the produced plasma species were not
instantly filling the whole plasma chamber. Ozone concentration, which was found to be
strongly related to bacteria reduction [3, 24], was measured by absorption spectroscopy
(HR4000CG-UV-NIR, Ocean Optics) using collimators, UV optical fibers and light from
a UV deuterium lamp at a wavelength of 254 nm (D2000, Mikropack) within the SMD
chamber’s volume of 429 cm3 at 22 mm distance from the plasma grid, to simulate
the height of a sample in a petri dish. The light absorption was measured thrice for
30 minutes with 10 minutes of air exchange between plasma chamber and ambient air
in between the measurements. The ozone concentration then was calculated using the
Beer-Lambert law with an ozone absorption cross section of 1.1 · 10−21 m2 [25].
2.2. Microbiological Samples
Preparation of spore samples, plasma treatment and recovery of endospores were con-
ducted analogously to the procedure in previous work [3] as listed below:
1. As master suspension, Bacillus atrophaeus endospores in deionized water were used
with a bacteria density of approximately 108/ml.
2. 100 µl (50 µl for glass samples due to smaller geometry) of this master suspension
was subsequently spread on the material samples as shown in figure 2a and dried
over night at the ambient air under the safety workbench (2b). Note, that the shape
of the dried drop differs between different materials, depending on their hydrophilic
properties.
3. The following day, the samples were placed in the plasma chamber as shown in figure
1.
4. The samples were plasma-treated for 0 (reference samples), 5, 10, and 15 minutes,
respectively.
5. After plasma treatment, the samples were added to 2 ml of deionized water and
vortexed for 1 min. This was followed by a 2 min ultrasonic treatment and another
vortexing period of 1 min.
6. To evaluate the number of surviving endospores, a dilution series was conducted. 100
µl of every degree of dilution was spread on agar plates. For 15 minutes treatment
the 2 ml of the recovered spore suspension was spread completely on 4 agar plates
with 500 µl on each.
7. The agar plates were then incubated for up to 48 hours at 32◦C.
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8. After incubation the number of colony forming units (CFU) was counted to evaluate
log reduction.
Experiments were performed at least thrice. After experiments, the samples were
cleaned with ethanol and autoclaved for 15 minutes at 121◦ degrees before reusing
them.
For statistical analysis, diluted samples were only counted, if they had more than 3 CFU.
Non-diluted samples with no CFU were counted as if one CFU in the 2 ml suspension
was found. In figure 3b (results), data points, where at least once no CFU was found,
are marked with a *.
For our experimental setup, the detection limit in log reduction of Bacillus atrophaeus
endospores was between 6.2 and 6.8 for the different materials.
(a) (b)
Figure 2: Material samples inoculated with master suspension of Bacillus atrophaeus
endospores (left) and after overnight drying process (right).
2.3. Surface Analysis Methods
The plasma-treated material samples (as described in the previous section) were
tested for surface modifications using laser microscopy, contact angle measurements
and XPS quantification. For preventing false results due to material changes caused
by surface analysis methods, there was a set of material samples for each analysis
method. Recovering effects of the materials, that may occur after plasma treatment,
were excluded by performing surface analysis at least 4 weeks after plasma treatment.
Reference samples, that were not plasma-treated, were tested at the same time as treated
samples.
Firstly, for laser microscopy scanning the VK-9710 (Keyence) microscope, using 408
nm wavelength and 50x-fold magnification, provided a topographic scan of the surface,
which was then examined using VK Analyzer (Keyence) to specify the roughness of
the materials’ surfaces. Three samples of each plasma-treated and non-treated material
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were investigated.
Secondly, contact angle measurements were executed using OCA 20 optical contact angle
measuring and contour analysis system and SCA 20 and SCA 21 software (DataPhysics
Instruments GmbH). As reference fluids, deionized water, ethanol, diiodomethane
and ethylene glycol were used. Sessile Drop method [26] and, resulting from this
data, calculation of the free surface energies of the sample materials were performed,
evaluating also the polar and disperse fractions of the surface energy. The reference free
surface energies for ethanol were taken from Stro¨m et al. [27], the others from Ohm et
al. [28] to calculate free surface energies of the material samples using OWRK-model
[29, 30, 31]. For every material two plasma-treated samples and two reference samples
were used and the experiments were executed twice on every sample.
Lastly, XP-spectroscopy was performed using VersaProbe II microscope (Physical
Electronics GmbH) and CasaXPS software (Casa Software Ltd). The Dual-Beam charge
neutralizer was driven using electrons with approximately 2 eV and Argon ions (Ar+)
with 10 eV. During measurements, the surface potential was about -2 V due to higher
electron flux (whereas the S/S samples were grounded due to their conductibility).
Radiation source was a monochromatic Al-k α radiator with an energy of 1,486 eV. The
X-ray power was about 90 W and the analysis area was 1.3 mm x 100 µm at high power
mode. Transmitting energy of the analyzer was at 93.9 eV with a step size of 0.8 eV and
an integration time of 50 ms. With the XPS microscope, one plasma-treated sample
and one reference sample of every material were analyzed.
3. Results
In this paper, surface modifications caused by long-term SMD plasma treatment on S/S,
glass, PP, UPVC and FEP were investigated in detail using laser microscopy, contact
angle measurements and XPS-quantification. Moreover, sporicidal properties of the
SMD plasma were verified, treating Bacillus atrophaeus endospores inoculated on the
probed materials, and the ozone concentration in the plasma chamber was measured.
As shown in figure 3a, it takes approximately 5 min to reach a steady state ozone
concentration.
Figure 3b shows the reduction of Bacillus atrophaeus endospores on different materials
as a function of plasma treatment time at room temperature with a relative humidity
of about 60-70%.
For S/S, a log reduction of 6.0 could be reached within 15 minutes of treatment time,
for UPVC and glass log reduction was 6.2 and 5.6, respectively. For those materials
spore reduction reaches close to the detection limits, whereas for FEP and PP a log
reduction of 4.5 and 4.3, respectively, could be achieved. During the first 5 minutes,
only a small bacteria reduction with a maximum of log 1 could be obtained. At a time
period between 5 and 10 minutes, the reduction function became steep. Consequently,
D-values were between 5 (S/S) and 6 minutes (FEP), while the reduction from log 1
to log 2 took only between 1.0 (glass) and 2 minutes (UPVC). After 10 minutes, log
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(a) Ozone concentration, derived with Beer-
Lambert-Law, during 30 minutes of plasma
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(b) Log reduction of Bacillus atrophaeus
endospores at different treatment times. N is
the number of CFU after plasma treatment,
N0 the number of CFU for the reference
samples. Samples with no CFU were counted
as explained in Materials&Methods.
Figure 3: Ozone concentration during plasma treatment time of 30 minutes (left) and
log reduction curves of Bacillus atrophaeus endospores on different materials (right).
reduction became slower.
The surface analysis of the material samples showed a wide spectrum of modifications
due to SMD treatment.
The surface roughness of treated materials stayed approximately the same (table 1), only
for S/S, significant changes were observed, and a rusty-colored covering, also visible
to the naked eye, was found after plasma-treatment (figure 4). Nevertheless, laser
microscopy images of PP and UPVC showed a change of appearance (figure 5) whereas
there were no visible changes for FEP samples (figure 6).
plasma-treated reference
S/S 0.111±0.084µm 0.016±0.002µm
Glass - -
PP 0.058±0.006µm 0.056±0.011µm
UPVC 0.018±0.003µm 0.014±0.003µm
FEP 0.037±0.006µm 0.036±0.010µm
Table 1: Roughness value Ra of different materials with and without plasma-treatment.
Only S/S shows a significant change in surface roughness.
In accordance with the laser microscopy results, changes of the contact angle between
probed samples and reference liquids (deionized water, ethanol, diiodomethane and
ethylene glycol) for plasma-treated materials were detected (e.g. figure 7 (a)). Again,
FEP showed no detectable difference between plasma-treated and reference sample, in
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(a) S/S macroscopic; left is reference sample,
right is plasma-treated
(b) Laser microscopic S/S image (plasma-
treated)
Figure 4: After plasma-treatment, a brown, rusty cover appeared on the S/S samples. It
was visible to the naked eye (a). More structures could be found with laser microscopy
images (b).
contrast to all other materials. Note, that only for S/S the contact angle got higher for
the plasma-treated case, whereas glass, PP and UPVC became more hydrophilic (figure
7 (a)). Using OWRK-modell, the samples’ free surface energies with their disperse
and polar fractions were calculated (figure 7 (b)). S/S showed an increase of disperse
fraction of free surface energy for plasma-treated case, while for glass, PP and UPVC
the polar fraction increased. Besides, glass samples showed a significant increase of total
free surface energy with a high increase of its polar fraction. In contrast, no significant
changes between plasma-treated and reference sample for FEP could be detected, yet
there was a slight increase in the polar fraction and a slight decrease in the disperse
fraction.
Finally, XPS analysis measured a quantified value for the surfaces’ elemental
composition. The results for plasma-treated FEP samples were again very similar to
those of the reference samples (table 2). There was no nitrogen found and only small
amounts of oxygen.
However, glass, PP and UPVC showed an increase of oxygen and nitrogen species on the
surface. Although there was no nitrogen found for reference samples, there was roughly
0.5-1% found for plasma-treated samples.
Again, S/S showed the greatest change of elemental composition with an augmentation
of the atomic concentration of oxygen, nitrogen and ferric on the surface. Note, that
oxygen and ferric concentration almost doubled while nitrogen concentration more than
quintupled.
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(a) PP plasma-treated (b) PP reference
(c) UPVC plasma-treated (d) UPVC reference
Figure 5: Laser microscopy identified a modification of the samples’ surfaces. While the
reference sample of PP (b) was rather flat and even, the plasma-treated sample (a) had
a lot of dints at its surface. In contrast, plasma-treated UPVC samples (c) had a very
planar morphology, while reference samples showed circular structures (d).
(a) FEP plasma-treated (b) FEP reference
Figure 6: FEP samples showed no modifications beetween plasma-treated (a) and
reference sample (b) under laser microscopy.
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Figure 7: Results of contact angle measurements of different materials with deionized
water (a) and calculated polar and disperse fractions of free surface energies of the
materials (b), respectively.
plasma-treated [atomic-%] reference [atomic-%]
O C N Fe O C N Fe
S/S 54.1% 32.0% 7.5% 3.6% 36.4% 56.2% 1.3% 1.6%
Glass 67.0% 6.6% 0.8% 54.5% 15.5% 0.0%
PP 10.8% 88.6% 0.6% 8.5% 90.2% 0.0%
UPVC 10.7% 68.3% 0.7% 6.9% 78.1% 0.0%
FEP 1.6% 37.9% 0.0% 1.2% 36.6% 0.0%
Table 2: Elemental composition of the material samples measured with XPS
quantification with (left) and without (right) plasma treatment.
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4. Discussion
After treatment with SMD plasma, three different material reactions can be found. As
a first group, there is FEP, where no significant surface changes are found. Although
there were minor changes in contact angle measurements and therefore in FEP’s free
surface energy, the measured values were so close to each other, that they laid within the
error range. Hence, these changes are negligible. In the second group, slight changes in
surface appearance and atomic concentration, accompanied with higher polar fractions
of free surface energy were found. These effects were found for glass, as well as the
polymers PP and UPVC.
As third group, there is S/S with significantly changed elemental composition, free sur-
face energy properties and surface appearance.
Ozone concentration measurements revealed, that ozone is one of the main plasma
product produced during the experiments, since its concentration reaches a steady-state
range after 5 minutes of treatment time. The plasma settings therefore generate an
SMD plasma in the so-called “ozone mode“ [9, 32, 33]. Yet, nitrogen as major ele-
ment in air also participates in plasma-surface interactions, as the XPS-measurements
revealed. Hence, two different mechanisms explain the appearance of the rusty crust
found on S/S samples, identified as ferrous oxide: Firstly, nitrogen and oxygen interact
as follows, producing nitric acid. Nitric acid oxidizes ferrous iron to ferrous oxide, with
nitrogen dioxide and water as side products:
N2 +O2 → 2NO
4NO + 3O2 + 2H2O → 4HNO3
2HNO3 + Fe→ 2NO2 +H2O + FeO
A second mechanism describes the reaction of ferrous iron and ozone:
2Fe+O3 + 3H2O → 2Fe(OH)3
2Fe(OH)3 → Fe2O3 + 3H2O
Note, that in both reaction mechanisms water, which was accessible during the plasma
treatment due to air humidity, served as a catalyst. The importance of high air humidity
was also shown in [3]. These findings support the findings of Shimizu et al.[12], where
aluminum was found to oxidize after exposure to CAP. The slight changes in surface
appearance of PP and UPVC can be explained with etching mechanisms as they were
found in [11], yet they were minor because of the weaker surface interaction of afterglow,
that was used in this setup [22].
Sporicidal experiments showed no parallels to the found surface modification groups be-
cause sporicidal effects were strongest for glass and S/S, followed by UPVC, and weakest
for FEP and PP. Therefore, it is more likely, that differences in sporicidal effects are
due to their different hydrophobic behavior and layering. If one compares the material’s
contact angles with water (figure 7) and the images of sample preparation (figure 2b), it
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becomes obvious that the size of the area containing dried master solution in the exper-
iments was smaller for PP and FEP because of their hydrophobic properties, whereas
UPVC, glass and S/S were more hydrophilic, thus the same number of endospores were
spread over a larger surface. As a consequence, layering phenomena, that shield the
probed endospores partly, are more likely to influence the results for FEP and PP sam-
ples. In [3] and [34], the link between layering mechanism and reduced bactericidal
properties was also described.
5. Conclusion
After 16 hours of SMD plasma treatment, three reaction groups of the different materials,
S/S, UPVC, PP, FEP and glass, were found.
While the surface of FEP samples showed no reaction to plasma treatment, the other
material’s surfaces changed. These changes were found in XP spectroscopy (attachment
of oxygen and nitrogen), contact angle measurements and free surface energies (change
in hydrophobia, change of polar and disperse fractions of free surface energy), as well
as in laser microscopy (slight changes of surface appearance for UPVC and PP and
a higher surface roughness and a rusty crust for S/S). Especially for S/S, the ferrous
iron in the alloy was found to react with reactive nitrogen and oxygen species and
combine to iron oxide. Consequently, the use of CAP in medical applications has to
be considered carefully. The choice of material influences the plasma-surface reaction
crucially, and advantages, e.g. low-temperature and difficult-geometry sterilization, and
disadvantages, such as etching mechanisms of the surface and chemical reactions of
treated materials with the surrounding air, have to be taken into consideration. In future
research, the change of surface properties due to CAP treatment for more materials has
to be done, especially for more polymers and different stainless steel alloys. Moreover,
in future research more plasma parameters have to be investigated to find the optimal
settings for a surface-preserving CAP treatment.
Sporicidal properties on the other hand were found to be only dependent on the
materials’ hydrophobic properties, and hence layering phenomena, but no correlation
between the surfaces’ sensitivity to CAP treatment and sporicidal effects was found.
Nevertheless, the number of endospores on the sample’s area, that is needed to prove
sterilization properties, does not correlate with realistic cases, because rinsing and other
cleaning methods reduce the number of microorganisms before sterilization treatment,
and microorganisms are usually spread over a larger surface. In future work the aim will
be to use a larger surface area with multiple droplets with lower concentrations spread
over it to achieve higher spore surface density exposed to plasma.
The aim of this study was the identification of possible surface modifications of different
materials due to long-term sporicidal cold atmospheric plasma treatment. Changes in
appearance, free surface energy and surface elemental composition were found after
16 hours of plasma treatment for most materials, while bactericidal effects of the
Surface Modifications and Disinfection 13
experimental setup were proven.
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